Extended Materials and Methods:
XAS analysis for bulk sediments. To calculate Fe(II)/Fe total (%) for the bulk samples (Figs. 1 and 2, and Figs. S2 and S7), spectra from ten standards (1) were used for LCF (pyrite, siderite, goethite, hematite, magnetite, biotite, augite, glauconite, ferrihydrite, hornblende). The fits were made using the k 3 -weighted chi function from k=2 to k=8-12 Å -1 , depending on the quality of the sample data and optimized for the background spline function to end at a node. The fitting and optimization processes were automated with a script written in Larch (2) . The Fe(II)/Fe total (%) results in Figs. 1 and 2 were obtained from the best fit to three standards, and the best fit to five standards produced comparable results, simply with higher errors due to similar standards having similar spectra ( Fig.   S2 ).
All X-ray absorption spectroscopy (XAS) spectra were processed in Larch (2), which is a series of XAS analysis functions intended to replicate the features of the IFEFFIT package (3) while being easily scriptable in order to analyze large data sets in batch mode. For instance, scripts written in Larch can be used to fit a spline function with the last knot close to a node -that does not introduce artifacts -similar to other XAS software (4, 5) . Human intervention is not needed to choose an appropriate end of the spline region. Each result was checked individually, and for a relatively small number of samples (29 of 124 total samples), the noise was too high/background was too variable to fit an appropriate spline to the data, which often resulted in a low frequency artifact that created a significant peak below 1 Å in R-space, which would imply a bond length below 1 Å and is physically impossible for these samples. These poor-spline and high-noise samples were not used in the LCF analysis, but were included in the edge position 3 analysis since the edge position is not sensitive to these factors. Errors on the mineral composition using LCF are produced by Larch and propagated as necessary (for Fe(II)/Fe total and Fe(II) flux quantification, for instance).
Our results produced by Larch were consistent with a subset of samples processed individually in the IFEFFIT-based SIXPack interactive graphical user interface. To confirm the effectiveness of the Larch-based analysis, the six spectra highlighted in Fig. 1 were analyzed in SIXPack (4), a commonly-used user interface for XAS analysis (1, 6, 7) . In SIXPack, spectra were normalized, the background function was fit and subtracted, Since linear combination fitting (LCF) was done using the best of 3 or 5 standards, we are functionally using the most representative classes of minerals to fit the data (Fe(II) silicates versus Fe (oxy)hydroxides versus Fe(III) silicates, etc.), and one should take care not to over-interpret the precise identity of the minerals (biotite versus chlorite or hornblende, for example). In addition to the LCF using published standards (1 (1)) to calculate the oxidation state (Fe(II)/Fe total ) and mineral composition of the core samples (Fig. S8 ). This analysis was done in order to eliminate any possibility that differences in beamline configuration between our experiments and the previous experiments used to collect the published standards were producing artifacts in the analysis. We were also able to include bentonite as one of the standards, to represent secondary silicates containing Fe(II), since an Fe(II)-containing secondary silicate was not available in the set of published standards. The fit results using the standards run contemporaneously with the samples (Fig. S8) were consistent with the fits to published standards (1) (Fig. 2, Fig. S2 ), suggesting the results are robust.
Edge positions were used as an independent measure of relative oxidation state.
We considered the edge position to be the point at which the normalized intensity (the mu function) crossed 0.9 (8). As mentioned above, no samples were excluded from the edge position/oxidation state analysis. For this analysis, the edge position for each spectra was shifted between -1.0 eV and +0.8 eV as appropriate for each sample, such that the E 0 calculated for the foil standard using Larch was at the calibration energy of 7112.0 eV.
Over 85% of the samples were shifted by an amount less than the typical energy resolution of the instruments (0.7 eV). The shifted edge positions are plotted as a proxy for oxidation state that is independent from the LCF results, to show the consistent glacial-interglacial trends in speciation (Fig. S5 ). The energy shift that was necessary to 5 calibrate each sample is the difference between the shifted and un-shifted positions for a given sample (Fig. S5) . Lower edge positions correspond to higher Fe(II)/Fe total and were confirmed using standards: the mineral standard curve for edge position versus Fe(II)/Fe total had a negative slope and an R 2 value of 0.97 (Fig. S6) . The curve was created using the standards run contemporaneously with the sediment samples, except pyrite. For this curve, the Fe oxidation state was considered to be all Fe(II) for hornblende, biotite, and olivine; all Fe(III) for goethite, hematite, and glauconite; and 1:3
Fe(II):Fe(III) for magnetite and bentonite, based on the centroid position and integrated intensity of the pre-edge features (9) . These Fe content estimates were also used for X-ray microprobe analysis for distinct mineral phases. We chose one glacial/high Fe(II) (dated 42.7 ka) and one interglacial/low Fe(II) sample (dated 92.34 ka) for these analyses. These samples/dates were chosen simply because there was plenty of sample available at these depths, since the core has been extensively sampled and some key depths are now relatively sample-limited. A set of the standards run contemporaneously with the bulk XAS samples (magnetite, bentonite, biotite, glauconite, goethite, hematite, hornblende, pyrite) plus published ferrihydrite (1) were used for LCF of the normalized intensity in the near-edge region (7100-7180 eV) to determine Fe(II)/Fe total of each particle probed. The best-fit combination of 5 standards was used. The spectra were not shifted, since the foil E0 was at 7112.0 eV (within the energy resolution of the instrument) for all samples. and XRF counts calibrated using these ICP-MS samples (black line). Note that the axis is inverted, by convention.
11 orange from oxides (magnetite), and yellow from sulfides (pyrite). The standards used for these fits were run contemporaneously with the standards, resulting in small differences compared to the Fe(II)/Fe total record made with published standards (Fig. 2 and Fig. S2 ), but the trends are highly consistent suggesting the Fe(II) reconstruction results are robust.
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